SUMMARY This paper presents a new methodology of the over-theair (OTA) assessment for vertically arranged multiple-input multiple-output (MIMO) array antennas. Particular emphasis is placed on how well handset MIMO antennas with a vertically arranged structure are characterized using the limited number of scatterers implemented in a fading emulator. First we studied the mechanism of the arrangement of scatterers on the variation of channel responses using a proposed three-dimensional analytical model. It is shown that the condition of a 3D-OTA with the prescribed parameters allows the correlation to be reduced, which permits the channel capacity to increase in the same manner that sufficient scatterers are distributed over the entire solid angle. Then the appropriate scatterers arrangement for a 3D-OTA instrument considering the number of DUT antenna elements and multipath characteristics is investigated. The analytical results show that a suitable scatterers arrangement can be determined for various conditions of multipath environments and numbers of array elements, and that the arrangement can be employed for designing an actual 3D-OTA apparatus. key words: MIMO-OTA, fading emulator, vertically arranged array antenna, three-dimensional channel model 
Introduction
The development of simple and appropriate over-theair (OTA) testing apparatus for mobile terminals with a multiple-input multiple-output (MIMO) system is indispensable to the success of upcoming LTE-Advanced and 5G cellular systems [1] - [6] . The method of OTA testing can be classified into two categories: the reverberation chamber and the spatial fading emulator. Several studies for OTA evaluation using the reverberation chamber have been reported [7] - [11] . These studies examine a simple structure for an OTA apparatus at low cost. However, the apparatus has some drawbacks in terms of difficulties in controlling the angular spread of incident waves and the crosspolarization power ratio (XPR), and in generating cluster and uniform spectra environments because all of the reflected waves coming from one signal source are uncontrolled.
A fading emulator is one of the other solutions to directly producing a radio multipath environment with high controllability and high accuracy [12] - [15] . In the literatures [14] , [15] , a spatial fading emulator was successfully implemented to evaluate the channel capacity of MIMO antennas. The fading emulator is created based on a twodimensional channel model in which incident waves comManuscript received April 7, 2015 . Manuscript revised August 21, 2015 . † The authors are with Toyama University, Toyama-shi, 930-8555 Japan.
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ing from a base station are confined to a horizontal plane. Hence, in the apparatus, a number of uncorrelated waves that ensure parallel transmission using MIMO streaming channels exist only in the azimuth angles. This means that a vertically aligned MIMO array cannot be evaluated using a conventional fading emulator [15] because adjacent elements in the array located in the vertical direction exhibit a unity correlation owing to an absence of uncorrelated incident waves in the elevation angles. This eventually degrades the channel capacity.
In future MIMO standardization, a MIMO array implemented in a handset is anticipated to be in commercial use in a system with an increasing number of array elements, such as 4 × 4 and 8 × 8 MIMO systems to achieve gigabit high-speed communications. Thus, the evaluation of a MIMO antenna arranged in the column direction is necessary because a two-dimensional array is advantageous for multi-element compactness.
Another important topic is the diversity of applications. We have studied an eight-element MIMO antenna mounted on the wrist for the purpose of gigabit transmission of wearable applications in body area networks (BANs) [16] . Wearable antennas have a remarkable feature different from conventional antennas used in cellular handsets: their directions mounted on the human body cannot be determined as a specific value, which means that a MIMO antenna fabricated as a linear array located horizontally may change as a vertical array at the time of a practical use. In order to evaluate the vertically arranged MIMO array antenna, a threedimensional OTA test method needs to be developed.
In previous research, several methods for 3D-OTA assessment have been proposed [17] - [19] . Previous literature [19] provides an analytical model for the assessment of a 3D spatial channel emulator for OTA tests, where the impact of the installation range and interval of probe rings on the spatial correlation characteristics between reception points is presented. However, the variation of MIMO channel capacity caused by different scatterers arrangement is not analyzed. Further, the index for designing an OTA apparatus considering multipath environments and DUT array elements is not advanced. This paper presents a new methodology for OTA assessment of vertically arranged MIMO array antennas. The handset MIMO with a vertically arranged structure is evaluated with a limited number of scatterers implemented in a fading emulator [20] . Moreover, the number of DUT antenna elements and multipath characteristics are considered Copyright c 2016 The Institute of Electronics, Information and Communication Engineers as parameters for determining the appropriate scatterers arrangement in an actual 3D-OTA apparatus.
In Sect. 2, a three-dimensional channel model for evaluating N-element vertically arranged MIMO array antennas is proposed. The number of scattering units is assumed to be arranged in the entire space for creating a multipath radio wave environment. In Sect. 3, an analytical method using a Monte Carlo simulation is presented. The calculation of the channel response matrix will be introduced in detail.
Section 4 shows the numeral analytical results using the proposed channel model. First, we clarified the mechanism of the scatterers arrangement on variations in channel responses using the proposed three-dimensional analytical model. Then the appropriate scatterers arrangement considering the number of DUT antenna elements and multipath characteristics is investigated. The analytical results show that a suitable scatterers arrangement considering various multipath environments and the number of array elements can be determined as desired for designing an actual 3D-OTA apparatus.
Finally, Sect. 5 summarizes some conclusions derived from this paper and also discusses possible future extension of these studies.
3D-OTA Channel Model for Vertical MIMO Array
In previous studies of MIMO-OTA testing [14] , [15] , it was determined that the array elements of a DUT antenna arranged in the row direction is related to the scatterers placed in the azimuth direction. Therefore, in this paper, we focus on a discussion of the scatterers arrangement in the elevation direction, which is related to the array elements arranged in the column direction. Figure 1 shows the three-dimensional channel model for assessing a vertically arranged MIMO array antenna. In Fig. 1(a) , the MIMO antenna with N-element is arranged in one column in the z-direction, which is comprised of vertically oriented half-wavelength dipole antennas. The antenna element spacing d s is set to 9 cm, while the frequency for the analysis is 2 GHz. The radiation characteristics of each element are calculated using the method of moments [21] .
In Fig. 1(b) , the vertically arranged MIMO antenna shown in Fig. 1(a) is located at the center of the channel model where a number of scatterers are distributed in space in a three-dimensional manner. The angular power distribution of the incident wave in the channel model is assumed to be a uniform in azimuth and a Gaussian in elevation [21] , where m s represents the average elevation angle of the incident wave, and σ s signifies the standard deviation. In the elevation direction, the scatterers used in an actual fading emulator are distributed within a limited angular range between pl and ph in a symmetrical manner with respect to m s . The number of scatterers is set to nh in azimuth and nv in elevation at an equal interval. The phase of the radio waves from each scatterer is randomly distributed to realize the uncorrelated condition among all paths between the scatterers and the array elements. Figure 2 shows an example of the incident wave distribution and the scatterers arrangement in an OTA apparatus. The red circles indicate the scatterers placement. • , and the standard deviation of incident waves σ s = 20
• . The number of scatterers is set to nh = 7 in azimuth and nv = 5 in elevation. Five scatterers in the elevation direction are arranged from pl = −10
• to ph = 50
• , where Δα is defined as the separation between ph and pl shown in Fig. 2 (b). In order to obtain useful knowledge of the required conditions of a 3D-OTA channel model, we focus on the key parameters of ph, pl, nv, m s , σ s , and N, which may determine the channel capacity of MIMO array antennas, as will be presented in Sect. 4.
Analytical Method
In the literature [15] , the authors investigated the radius of a two-dimensional fading emulator in a cluster environment in which incident waves with a small angular spread exist in the azimuth direction. To do this, they analyzed the average received power ratio between two MIMO antenna elements. Their investigation corresponds to the scenario where the incident waves of the three-dimensional channel model, described in Fig. 1 , have a small angular spread in the elevation direction. Hence, we can estimate the required radius of the 3D-OTA apparatus discussed in this paper on the basis of the outcomes given in [15] . The estimation results show that the error of the received power can be suppressed within 1 dB when the radius is larger than 1.0 m, 1.5 m, and 2.0 m at 2 GHz, where the element spacing between the two quasi-dipole arrays is less than 10 cm, 17 cm, and 30 cm, respectively (see Fig. 9 in [15] ).
These element spacings correspond to the total array size when N = 2, 3, and 4 for the MIMO array antenna illustrated in Fig. 1(a) , where the total array size is defined as the distance between the exciting port of element #1 and that of element #N. From the quantitative relationship between the radius and the element spacing, the required radius for the array with N = 8 (total array size of 60 cm) is estimated to be 2.8 m by means of the extrapolation method. On the basis of this knowledge, the analysis hereafter is performed under the condition that the criterion for the radius of the emulator mentioned above is satisfied, which results in a situation where incoming waves emitted from the emulator scatterers arriving at a DUT terminal can be assumed to be plane waves [19] .
Figure 3(a) shows the channel model of an M × N MIMO system in a three-dimensional scatterers arrangement, in which the MIMO array at the MS side is arranged in the vertical direction [22] . The number of array elements in a base station (BS) and a handset antenna are defined as M and N, respectively. In this paper, an NLOS situation between the base station and terminal antenna is assumed. M BS antennas create a set of M uncorrelated waves where each wave comprises K m scatterers as shown in Fig. 3(a) , which surround N handset antennas, constructing secondwave sources around the moving terminal. Thus, M uncorrelated waves are subject to independent identically distributed (i.i.d.) complex Gaussian processes. Note that K m scatterers share M waves coming from M BS antennas, but the uncorrelated conditions among the M waves is achieved by giving random phases to the scatterers [22] . Figure 3(b) shows the coordinate of the k-th scatterer with the handset moving toward the azimuth direction φ v . The channel response of the n-th handset antennas can be expressed as the sum of the K m paths under the nearby m-th scatterers groups, as follows:
where λ is the carrier wavelength in free space, and d is the distance travelled by the handset antenna toward the azimuth direction φ v shown in Fig. 3(b) . h k,nm in Eq. (1) is determined by the combination of the complex electric field directivity of the antenna element for the θ and φ polarization components, which can be calculated by the method of moments. Hence, we can analyze an arbitrary DUT antenna by replacing h k,nm in Eq. (1) in accordance with the type of antenna to be investigated [21] , indicating that the DUT antenna shown in Fig. 1(a) is separated from the channel model illustrated in Fig. 1(b) . This means that the three-dimensional channel model presented in this paper possesses broad generalities in analyzing 3D-OTA responses of different types of DUT antennas treated in this article. The phases of different polarization components are independent of each other to realize the uncorrelated characteristics among all the paths between the scatterers and handset antennas.
h nm in Eq. (1) indicates the channel response between the m-th base station antennas and n-th terminal antennas. Therefore, the channel response of the arrays at the s-th snapshots can be calculated by the following matrix:
The eigenvalues λ i are obtained based on the singular value decomposition derived from Eq. (2) and can be used to infer the instantaneous Shannon capacity (without feedback) in the s-th snapshots as follows:
where L = min (N, M), and γ denotes the input signal-tonoise ratio (SNR). Here, the SNR is defined as an average value of instantaneous SNRs when an isotropic antenna (antenna gain is 0 dBi) is used for receiving the coherent incident waves with vertical polarization (XPR = ∞), which are assumed to be radiated from a single antenna at the base station. The analysis is executed successively until the handset antenna arrives at the end point of the moving direction. The average value of the channel capacity when the terminal antenna moving in a distance can be obtained by the following equation:
where S signifies the number of samples.
Analytical Results
Based on the channel model and analytical method mentioned in Sects. 2 and 3, some analyses for 3D-OTA tests are carried out. We focus on two viewpoints: mechanism analysis and determination of scatterers arrangement, which are presented in Sects. 4.1 and 4.2, respectively. Figure 4 shows the cumulative distribution function (CDF) of the eigenvalue and channel capacity of a 4 × 4 MIMO antenna in the vertically arranged array configuration, as shown in Fig. 1 . In Fig. 4(b) , the curves shown on the left side indicate the single-input single-output (SISO) channel capacity, while the black curve on the right side shows the MIMO channel capacity. The symbols C mimo and C siso drawn in the figure indicate the calculated values of MIMO and SISO channel capacity, respectively. A vertically polarized incident wave with an SNR of 30 dB is considered. The average elevation angle is assumed to be m s = 20
Mechanism Analysis
• with an angular spread of σ s = 20
• . The scatterers are distributed with the parameters of ph = 90
• , pl = −90 • , nv = 37, and nh = 30. Hence, the total amount of 1,110 scatterers is arranged in the entire space.
As shown in Fig. 4 , dense eigenvalues and a large capacity are observed when distributing a large number of scatterers over the entire solid angle. The 4 × 4 MIMO achieves a large channel capacity of 36.1 bits/s/Hz, which is equivalent to a channel capacity of 3.6 Gbps when a 100-MHz bandwidth is considered. Figure 5 shows the CDF of the eigenvalue and channel capacity when ph = 25
• , pl = 15
• ), nv = 5, and nh = 7. The average elevation angle is assumed to be m s = 20
• . As shown in Fig. 5 , sparse eigenvalues and a small capacity are given when distributing a small number of scatterers over a small angular range. The eigenvalue has a sparse distribution, which is different from that in Fig. 4 . Specifically, compared with the first and second eigenvalues, the third eigenvalue is 1/100 or less, while the fourth eigenvalue cannot even be observed on the graph. This yields a small channel capacity of 24.1 bits/s/Hz.
The abovementioned phenomenon seen in Fig. 4 and Fig. 5 can be understood very clearly by considering the correlation coefficient. Table 1 shows the correlation coefficient between the i-th and j-th elements, where the element index is defined in Fig. 1(a) . Tables 1 (a) and (b) show the analytical results corresponding to the key parameters described in Fig. 4 and Fig. 5 , respectively.
We can find a small correlation of less than 0.66 in Table 1 (a) throughout the entire results. By contrast, Table 1(b) indicates that the correlation between the two elements aligned in column is higher than 0.9. This fact provides a physical picture for explaining why Fig. 5(a) shows a sparse eigenvalue. It also indicates that, if the angular range of the scatterers is confined to a narrow angle such as Δα = 10
• , the OTA assessment cannot be carried out. Therefore, the angular range of the scatterers needs to be extended. Figure 6 shows the eigenvalue and channel capacity when ph = 50
• , pl = −10 • (Δα = 60 • ), nv = 5, and nh = 7. The average elevation angle is set to m s = 20
• . In Fig. 6 , we have dense distribution of the eigenvalues, resulting in a large capacity of 35.1 bits/s/Hz, which is very close to the idealized value in Fig. 4 . Thus, the limited number of scatterers of the 3D-OTA apparatus has a good ability to assess a vertically arranged MIMO array antenna. Table 2 shows the correlation coefficients corresponding to the parameters described in Fig. 6 . As shown in Ta- ph = 50 deg, pl = -10 deg, nv = 5, nh = 7 ble 2, we have very small correlations between the elements aligned in the vertical direction, which is the same behavior that was observed in Table 1 (a). This supports the hypothesis that correlations are reduced owing to uncorrelated waves in the vertical plane. Figure 7 shows the average channel capacity as a function of the angular region of scatterers, defined as Δα = ph − pl, as shown in Fig. 2(b) , with the number of scatterers nv as parameters when the number of vertical arrays N = 4. The average elevation angle is set to m s = 20
• . In Fig. 7 , it can be seen that Δα of 80
• with nv = 5 or 7 is found to be suitable for 3D-OTA, as shown by position P2, because almost the same performance can be achieved as that observed when distributing over the entire solid angle, as indicated by the diamond-shaped symbol plotted on the right axis.
However, considering practicability and cost of manufacture, the size of the instruments needs to be as small as possible. Therefore, nv = 3 with Δα of 50
• is another choice for the realization of an OTA apparatus, as shown by posi- tion P1 in Fig. 7 , because 89.8% of the target value of the channel capacity can be obtained there.
Since in this paper we focus on the scatterers arrangement in the elevation direction, nv = 3, 5, and 7 have been investigated as key parameters. Here, only odd numbers are used because the scatterer is required at the peak position of the Gaussian distribution in the elevation direction, as shown in Fig. 2(b) . Further, the odd number of scatterers is suitable for the symmetrical arrangement on the left and right sides of the peak position.
On the other hand, the number of scatterers in the azimuth direction nh is fixed at seven. The reason is that in a two-dimensional channel model, the sum of more than six or seven waves is sufficient to realize the Rayleigh distribution in the azimuth direction [23] .
The SNR is set to 30 dB. The diamond mark on the right axis in Fig. 7 indicates the average channel capacity value calculated with the parameters of ph = 90
• , pl = −90 • , nv = 37, and nh = 30, which means that a total of 1,110 scatterers are arranged throughout the entire space, as shown in Fig. 4 . Hence, the goal of the OTA apparatus development is to obtain a capacity that is close to the value analyzed based on these parameters.
Additionally, MIMO channel capacity may be changed when a different number of DUT antenna arrays N is employed in different multipath environments, such as various m s and σ s . Thus, the multipath characteristics and the number of arrays need to be considered as the parameters for determining an appropriate scatterers arrangement (nv, Δα) in the design of an OTA apparatus, as will be introduced in Sect. 4.2.
Determination of Scatterers Arrangement
Since the idealized value of the channel capacity may be changed because of different conditions (N, m s , or σ s ), in order to describe the effective degree to which the MIMO channel capacity is evaluated, we define the channel capacity ratio r c , which indicates the percentage of the channel capacity as compared with the target value, as follows:
where C indicates the average channel capacity calculated using Eq. (4), while C t indicates the idealized value calculated with the parameters of ph = 90
• , pl = −90 • , nv = 37, and nh = 30, as shown in Fig. 4 . Figure 8 shows the variations in the channel capacity ratio r c when the number of arrays N is increased from 2 to 8 considering σ s , m s , and Δα = ph − pl as parameters. nh is 7, while the SNR is set to 30 dB with XPR = 50 dB. Figures 8(a) and (b) represent the two cases when nv = 3 and 5, respectively. In Fig. 8 , the angular spread σ s is set to 10
• , 20
• , and 30
• . The figures (1) (2) (3) on the upper side indicate when m s = 20
• , while the figures (4) (5) (6) on the lower side indicate the case of m s = 40
• . These are selected as examples that represent the general characteristics of incident waves in the elevation direction in multipath environments in an urban macro cellular environment [24] . The results r c calculated by Eq. (5) are represented by symbol •. Based on these data, the approximate curved surfaces are created using the least-mean-square (LMS) method.
In Fig. 8 , an obvious fluctuation of r c is observed owing to various σ s and m s . Thus, the suitable scatterers arrangement (nv, Δα) based on the desired (σ s , m s ) for evaluating different numbers of array N needs to be determined. The useful information from the raw data in Fig. 8 will be abstracted and reorganized.
As shown in Figs. 8(a) - (1) and (4), nv = 3 is sufficient to evaluate the array with N = 2 because more than 80% of channel capacity ratio r c is obtained in most part of entire data. However, with the number of arrays N increasing from 2 to 8, a significant reduction of the entire r c can be observed.
In particular, when N = 8, as shown in Figs. 8(a) - (3) and (6), the entire r c are almost less than 60%, indicating that the number of scatterers nv = 3 is not sufficient to evaluate the MIMO array with a large number of elements arranged in the vertical direction. Thus, nv needs to be increased for the case when N is very large.
In Fig. 8(b) , when nv = 5 is used, the entire r c are increased compared with the r c for nv = 3 in Fig. 8(a) even when N = 8. This indicates that nv = 5 is necessary to ensure the evaluation of the channel capacity when N = 8.
However, Figs. 8(a) - (1), (a)- (2), and (b)- (3) show that r c can be maintained at a high level only when Δα is fixed in a certain range, as shown by the vertical dotted arrows. Thus, an appropriate scatterers arrangement Δα needs to be determined for different conditions. The mechanism was illustrated in Sect. 4.1, where the positions of P1 and P2 in Fig. 7 can be found in Figs. 8(a) - (2) and (b)- (2), respectively. Table 3 shows how to determine the appropriate scatterers arrangement (nv, Δα) using the data of channel capacity ratio r c exhibited in Fig. 8 in different situations of σ s when m s = 20
• . Tables 3(a) , (b), and (c) list three cases: N = 2 and nv = 3, N = 4 and nv = 3, and N = 8 and nv = 5. These correspond to Figs. 8(a)-(1), (a) - (2), and (b)-(3), which are determined in order to cover the optimum (nv, Δα) considering the possibility and commonality in different conditions of N and σ s .
In Table 3 (a) where N = 2 and nv = 3, a large range of Δα from 10
• to 60
• can be selected because more than 80% of r c is obtained in any case of σ s corresponding to Fig. 8(a)-(1) . However, in Table 3 (b) where N = 4 and nv = 3, Δα where the channel capacity is evaluated with more than 80% of r c is reduced to a range from 30
• to 50
• . Moreover, in Table 3 (c) where N = 8 and nv = 5, the optional Δα is changed to a range from 50
• to 70
• . These appropriate ranges of Δα are indicated by the dotted boxes in Table 3 , which correspond to the separation of the vertical dotted arrows in Fig. 8 .
As mentioned in Fig. 7 , considering the manufacture of the actual OTA assessment apparatus, the number of scatterers in the elevation direction nv needs to be as small as possible. Moreover, the scatterers angular region Δα is also anticipated to be smaller as possible to reduce the size of the device. In addition, it is convenient for the design of the actual apparatus if the scatterers angular region Δα is fixed at a certain value.
Thus, it can be concluded that Δα = 50
• is the most suitable scatterers arrangement, because in any conditions of N and σ s , at least 80% of the channel capacity ratio can be achieved even when N is increased to 8, as shown by the horizontal arrow in Table 3 . In Fig. 8 , it can be seen that when Δα is fixed at 50
• , as indicated by the two-way arrows, r c is maintained at the mountain ridge of the approximate curved surfaces in each case of σ s . This indicates that a valid proposed scatterers arrangement has Δα = 50
• . Figure 9 shows the channel capacity ratio r c as a function of nv and σ s when Δα = 50
• . Figures 9(a) and (b) show the cases when m s = 20
• and 40
• , respectively. The solid curve shows that nv = 3, while the dotted line shows that nv = 5. The curve with symbols , •, and indicates the case when σ s = 10
• , respectively. In Fig. 9(a) , it can be seen that when Δα is fixed at 50
• , if N is less than 4, nv = 3 is sufficient to evaluate the channel capacity because these parameters can yield an r c of more than 80%. However, if a large number of array elements such as N = 8 is used, nv = 5 is needed to ensure an r c of more than 80%.
Furthermore, when a high incident wave angle m s = 40
• is considered as shown in Fig. 9(b) , nv = 5 with Δα = 50
• is found to be necessary for evaluating the case when N = 8. This conclusion can be observed in Fig. 8(b)-(6) , where the two-way arrow representing the position of Δα = 50
• passes through the mountain ridge of the approximate curved surface when N = 8 with m s = 40
• and various σ s . We conclude from the above investigations that when the number of DUT antenna arrays N is less than 4, nv = 3 is adequate to realize a 3D-OTA assessment, while if N is increased to 8, nv = 5 is necessary. Further, it is found that Δα = 50
• is the optimum parameter for a convenient apparatus design because the scatterers can be fixed in each case of m s = 20
• . Since a small-cell era is coming for future wireless communication systems, the approach between the mobile terminal and base station will lead to variations in the m s and σ s of incident waves in the elevation direction, while the number of arrays N will be increased to realize ultra-highcapacity. The proposed scatterers arrangement (nv, Δα) for a 3D-OTA apparatus can be applied to evaluate the multielement MIMO antenna in various multipath conditions (σ s , m s ) as desired.
Conclusion
This paper presents a new methodology of OTA assessment for vertically arranged MIMO array antennas. The appro-priate scatterers arrangement considering multipath characteristics and the number of DUT antenna elements required for evaluating vertically arranged MIMO array antennas has been studied. Useful knowledge has been obtained that can be employed in the design of an actual 3D-OTA apparatus.
A great quantity of analytical data for the appropriate scatterers arrangement are proposed. The arrangement can be determined based on the actual conditions of multipath characteristics and the number of DUT antenna elements as desired. We also provide a choice of scatterers arrangements such that when we test the vertically arranged MIMO array antenna, the angular range of 50
• is found to be suitable for 3D-OTA testing. Based on this investigation, when the number of vertically arranged antenna arrays N is less than 4, the number of scatterers nv = 3 is adequate to realize a 3D-OTA assessment, while if N is increased to 8, nv = 5 is necessary.
In the view of the analytical results presented in this paper, it is anticipated to obtain the optimization of the structure of the OTA device. An actual 3D-OTA is currently being designed using the knowledge obtained in this paper, and it will be presented in separate papers.
